RESULTS
about the cellular requirements for reprogramming and how they affect the properties of induced 20 pluripotent stem cells (iPSC). We have performed high-content screening with siRNAs targeting 21 300 chromatin-associated factors. We used colony features, such as size and shape, as well as 22 strength and homogeneity of marker gene expression to define five colony phenotypes in early 23
reprogramming. We identified transcriptional signatures associated with these phenotypes in a 24 secondary RNA sequencing screen. One of these phenotypes involves large colonies and an early 25 block of reprogramming. Double knockdown epistasis experiments of the genes involved, revealed 26 that Brca1, Bard1 and Wdr5 functionally interact and are required for both the DNA damage 27 response and the mesenchymal-to-epithelial transition (MET), linking these processes. Moreover, 28
the data provide a resource on the role of chromatin-associated factors in reprogramming and 29 underline colony morphology as an important high dimensional readout for reprogramming 30 quality. 31 32 INTRODUCTION 33 34
Somatic cells can be reprogrammed to pluripotency by artificial expression of four transcription 35 factors: Oct4, Sox2, Klf4 and c-Myc (OSKM) (Takahashi and Yamanaka, 2006) . With varying 36 efficiency, iPS cells can be derived from a wide variety of cell types and they can differentiate into 37 all cell lineages. Thus, they represent a promising resource for tissue regeneration and disease 38 modeling. 39 40
The earliest phase of reprogramming involves dramatic changes in metabolic and cellular 41 processes Subsequently, pluripotency genes carrying active histone marks at regulatory regions are activated 47 (Maherali et al., 2007; Mikkelsen et al., 2007; Polo et al., 2012) . At this point, cells have not fully 48 acquired the pluripotency program. These partially reprogrammed intermediates are sometimes 49 referred to as pre-iPS cells (Silva et al., 2008) . Late pluripotency markers and endogenous Nanog, 50
Oct4 and Sox2 are activated through a combination of promoter DNA-demethylation (Gao et al., 51 2013; Meissner et al., 2008) and depletion of repressive histone mark H3K9me3 (Soufi et al., 2012 ; 52 Sridharan et al., 2013) . The majority of the cells seem refractory to reprogramming or are trapped 53 in a partially reprogrammed state, and only a small percentage of cells will successfully progress 54 through all the stages (Polo et al., 2012) . 55 56 A DNA damage response is important for reprogramming, as the p53 pathway prevents survival of 57 cells with substantial DNA damage (Marion et al., 2009 Selected hits from the primary screening were subjected to a transcriptome-based secondary 84 screen. We identify several chromatin-associated proteins that act together in the DNA damage 85 response and the MET during early reprogramming to pluripotency. 86 87
High-content microscopy reveals five major phenotypes of colony formation 134 135
The high-content analysis allowed us to measure not only the number of colonies, but also colony 136 features such as the intensity of early pluripotency markers (Sall4 and Cdh1), size, compactness  137 and symmetry, texture and many other morphology features (Table S2 ). These features constitute a 138 multidimensional phenotypic space for analysis across many conditions or perturbations (Boutros 139 et al., 2015) and the identification of functionally connected genes and processes (Mulder et al., 140 2012; Wang et al., 2012) . 141 142
We first defined the set of most discriminating features based on feature-to-feature pairwise 143 correlations (Supplemental Information; Table S3 ). Using hierarchical ( Fig. S2 ) and K-means 144 clustering ( Fig. 2A) we observed five main clusters that display different levels of pluripotency 145 markers, number of colonies, symmetry features (ratio width to length, roundness), STAR 146 morphology features, and textural features (SER, Harlick, Gabor). Cluster 1 knockdowns have few 147
colonies, in addition to low intensities for Sall4 and Cdh1, suggesting a major defect in 148
reprogramming. The majority of nt controls are in cluster 2, which shows a high number of small, 149 round and compact colonies and a robust expression of Cdh1 and Sall4 ( Fig. 2A-B ). Cluster 3 is 150 quite distinct with fewer, large colonies with low compactness features and detectable Sall4 and 151
Cdh1 expression ( Fig features. After ranking all knockdowns according to their combined correlation score 160 (Experimental Procedures), we selected 10 candidates from the top-ranking list (Table S4 ). 161
Additionally, the high-content data from known reprogramming facilitators present in our library 162 were used to train two independent machine-learning algorithms, in order to predict other 163 potential facilitators ( Fig. 2C , Supplementary Information, Fig. S2 , Table S4 ). This approach allowed 164 us to select additional candidates of high, intermediate and low-ranking prediction scores ( Fig. 2C ). 165
A total of 30 genes were selected for an orthogonal transcriptome screen ( Fig. 2C , Table S4 ). 166 167
A transcriptome-based secondary screening uncovers highly correlated phenotypes 168 169
We hypothesized that the phenotypes observed by microscopy might be reflected in their 170 transcriptomes. Cells were transfected with siRNAs in triplicate and day 6 RNA samples were 171 subjected to CEL-Seq2-based RNA-sequencing (Hashimshony et al., 2016) . In addition to the 30 172 knockdowns, we also sequenced a day-by-day reprogramming time-course of control cells ( Fig.  173 3A). 174 175 We performed Principal Component Analysis (PCA) to the siRNA dataset for dimensionality 176 reduction. The pairwise correlations between all the transcriptomes were calculated based on the 177 top 200 transcripts associated with PC1 and PC2, and then clustered ( Fig. 3B , left). We calculated 178 similar pairwise correlations for the microscopy data, and identified gene pairs that correlated in 179 both their colony phenotype and their transcriptome (Fig. 3C ). The strongest correlations are 180 observed between the Ncor1 -Oct4 pair and a triplet consisting of Wdr5, Brca1 and Bard1. Ncor1 181 was recently shown to physically interact with Myc and Oct4 (Zhuang et al., 2018) , but the 182 functional relationships between Wdr5, Brca1 and Bard1 were unknown. We performed siRNA 183 deconvolution experiments measuring the number of Sall4-positive colonies of three independent 184 siRNAs for Wdr5, Brca1 and Bard1 to exclude off-target effects. This analysis resulted in 185 phenotypes similar to the pooled siRNAs in at least two out of three siRNA sequences with the 186 same target (Fig. S3 ). In addition, high knockdown efficiencies of the Brca1, Bard1 and Wdr5 mRNA 187 targets were verified at day 3 of reprogramming ( Fig. S3 ). 188 189
As reprogramming is a dynamic process, we wondered how cells progress towards the iPSC state in 190 each of the knockdown conditions. Notably, in PCA analysis, principal component 2 correlates 191 strongly with time (r 2 = 0.81; Fig. S4 ). To model the progression in each knockdown more 192 precisely, we fitted a polynomial function to the time points and projected all other data on the 193 time line by shortest distance ( reprogramming with a short distance to the time projection of control cells. siWdr5 cells were 200 comparable to normal cells between day 3 and 4, while siBard1 and siBrca1 were between day 4 201 and 5 ( Fig. 3D ). We analyzed our time series data to relate the early block observed with siWdr5, 202 siBrca1 and siBard1 to known early reprogramming processes. The block is observed at the time of 203 a major decrease of mesenchymal gene expression and preceding the activation of epithelial 204 markers ( Fig. 3E ). For DNA repair and cell cycle genes there is an early wave of increased 205 expression followed by downregulation, whereas random genes are stably expressed over the time 206 course of reprogramming ( Fig. S4 ). This time line raised the possibility that Wdr5, Brca1, Bard1 207 affect the repression of mesenchymal gene expression and the DNA damage response during early 208
reprogramming. Moreover, based on the phenotypic and molecular co-correlation data we 209 hypothesized that Wdr5, Brca1 and Bard1 functionally cooperate to control early stages of 210
reprogramming. 211 212
Brca1, Bard1 and Wdr5 functionally interact during early reprogramming 213 214
We asked whether Wdr5, Bard1 and Brca1 genes have similar expression dynamics during early 215
reprogramming. Interestingly, the three genes follow a similar RT-qPCR profile, peaking in 216 expression at day 3, and then slowly going down ( Fig. 4A ). To test the possibility of a functional 217 interaction between these genes, the effect of their respective double knockdowns was measured 218 and compared to the effect of the single knockdowns with regards to the number of pre-iPS 219 colonies formed. All three single knockdowns displayed a significant reduction in number of Sall4-220 positive colonies, compared to the nt control ( Fig. 4B ). Therefore, the phenotypes of double and 221 single knockdowns were calculated as the Sall4-positive colony ratio compared to the control. 222
Brca1-Bard1 double knockdown showed significantly more colonies than expected ( Fig. 4C, left) . 223
This result was anticipated, as Brca1-Bard1 are well known physical interactors (Wu et al., 1996) . 224 Similarly, for both the Wdr5-Brca1 and the Wdr5-Bard1 double knockdowns, we also observed 225 more colonies than expected, and this result was statistically significant for Wdr5-Brca1 (Fig. 4C ). 226 To test whether Wdr5 is directly activating Brca1 and Bard1 gene expression, we determined the 227 Brca1 and Bard1 expression levels after Wdr5 knockdown ( Fig. 4D ). Indeed, we find that this is the 228 case at day 3, but also find that in response to either Bard1 or Brca1 depletion, γH2A.X in the knockdowns ( Fig. 5A Based on their timing of expression and the observed early block in reprogramming, we 257 hypothesized that Wdr5, Brca1 and Bard1 also affect the MET. To test this hypothesis and to gain 258 more insight into the Wdr5, Brca1 and Bard1 phenotypes, we performed deep RNA sequencing at 259 day 3 and day 6 of reprogramming. We called differentially expressed genes and found 753, 1555, 260
and 205 genes deregulated in respectively Wdr5, Brca1 and Bard1 knockdown cells following 3 261 days of OSKM induction (Fig. 6A ). Wdr5, Brca1 and Bard1-depleted cells showed reduced 262 expression of early pluripotency genes such as Sall4, Cdh1 and Epcam (Fig. 6A ). 263 264
Differentially expressed genes in each knockdown were further probed for overrepresented gene 265 ontology (GO) classes ( Fig. 6B , Table S5 ). Brca1 knockdown causes a reduction in gene expression 266 related to the cell cycle, response to DNA damage, and DNA repair ( Fig. 6B ). We asked whether the 267 effects on the DNA damage response ( in the siWdr5 as compared to the control (Fig. 6C, left) . Furthermore, decreased expression of DNA 272 repair genes in siWdr5 was similar to that of siBrca1 and siBard1 (Fig. 6C, right and Fig.S6 ) 273 274
Wdr5 and Brca1 knockdowns shared a number of up regulated terms, including cell adhesion and 275 developmental processes (e.g. skeleton or blood vessel development) (Fig. 6B ). Regulation of cell 276 proliferation is changed in Brca1, Bard1 and Wdr5 knockdowns; this GO term is enriched due to 277 increased expression of Tgfb, Wnt, Bmp, Fgf growth factors (Table S6, were decreased in all three knockdowns, while p21 (Cdkn1a) was up regulated (Fig. 6D ). We 282 assessed the gene expression levels of mesenchymal and epithelial markers in the three 283 knockdowns and observed a clear increase in mesenchymal gene expression in the Wdr5, Brca1 284
and Bard1 knockdown cells relative to control cells (Fig. S6, Fig. 6E ). Some epithelial genes were 285 decreased (Cdh1, Epcam and Krt8), whereas others did not change substantially or were increased 286 ( Fig. 6E, Fig. S6 ). 287
Together, these data indicate that Wdr5, Brca1 and Bard1 not only cooperate in pluripotent colony 288 formation ( Fig. 4) regulated after silencing Wdr5 (Fig. 4) . important readout for reprogramming quality. Moreover, medium-high throughput screening of 335 such multi-dimensional phenotypes is very powerful to identify functional interactions between 336 genes. Brca1, Bard1 and Wdr5 depleted cells gave rise to fewer yet bigger, flat, symmetric colonies, 337 due to a failure to properly down regulate mesenchymal cell adhesion molecules (Fig. 6) . In 338 addition, these cells fail to activate epithelial and early pluripotency genes. was designed (Thermo Scientific/Ambion, Table S1 ) and distributed in 6 plates. Each gene in the 364 library was targeted with three different siRNAs, which were pooled for transfection. For the high-365
content screening, the six pooled plates were transfected in quadruplicate. Every plate contained 366 the following controls: siOct4 (siPou5f1), siMyc, siTrp53 and seven non-targeting (nt) controls. 367
Reverse transfections in a 96-well plate format were performed as follows: 20 µL of transfection 368 mix was prepared in each well before adding the cell suspension. This transfection mix consisted of 369 40 nM of pooled siRNAs, and 0.26 µL RNAiMAX lipofectamine (Thermo Scientific) diluted in 370
Optimem (Thermo Scientific). After incubation for 10 minutes, 100 µL of cell suspension (3000-371 6000 cells) were added to each well. For transfections in a 6-well plate format, the protocol was 372 scaled up accordingly. Before adding 1.8 mL cell suspension with 100,000 cells, 220 μL transfection 373 mix was incubated in the wells for 10 minutes. 
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